Band gap of ``completely disordered'' Ga0.52In0.48P by Delong
Band gap of ‘‘completely disordered’’ Ga0.52In0.48P
M. C. DeLong, D. J. Mowbray, R. A. Hogg, M. S. Skolnick, J. E. Williams et al. 
 
Citation: Appl. Phys. Lett. 66, 3185 (1995); doi: 10.1063/1.113717 
View online: http://dx.doi.org/10.1063/1.113717 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v66/i23 
Published by the American Institute of Physics. 
 
Related Articles
First principles study of the structural, electronic, and dielectric properties of amorphous HfO2 
J. Appl. Phys. 110, 064105 (2011) 
SiBCN materials for high-temperature applications: Atomistic origin of electrical conductivity 
J. Appl. Phys. 108, 083711 (2010) 
Modification of the 1 and 5 electron states induced by alloying effects in Fe-based alloys for magnetic tunnel
junctions 
J. Appl. Phys. 107, 09C713 (2010) 
The band gap of ultrathin amorphous and well-ordered Al2O3 films on CoAl(100) measured by scanning
tunneling spectroscopy 
J. Appl. Phys. 105, 07C902 (2009) 
Crystal and electronic band structure of Cu2ZnSnX4 (X = S and Se) photovoltaic absorbers: First-principles
insights 
Appl. Phys. Lett. 94, 041903 (2009) 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 
Downloaded 16 Jan 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
Band gap of ‘‘completely disordered’’ Ga0.52In0.48P
M. C. DeLong,a) D. J. Mowbray, R. A. Hogg, and M. S. Skolnick
Department of Physics, University of Sheffield, Sheffield S3 7RH, United Kingdom
J. E. Williams and K. Meehan
Polaroid Corp., Cambridge, Massachusetts 02139
Sarah R. Kurtz and J. M. Olson
National Renewable Energy Laboratory, Golden, Colorado 80401
R. P. Schneider
Sandia National Laboratory, Albuquerque, New Mexico 87185-5800
M. C. Wu
Department of Electrical Engineering, National Tsing Hua University, Hsinchu, Taiwan 30043,
Republic of China
M. Hopkinson
SERC Central Facility for III-V Materials, Department of Electronic and Electrical Engineering,
University of Sheffield, Sheffield S1 4DU, United Kingdom
~Received 16 November 1994; accepted for publication 13 March 1995!
The phenomenon of ordering in Ga0.52In0.48P is well known to reduce the optical band gap; the
amount of band gap reduction is often used to measure the degree of ordering. For such
measurements to be meaningful, the band gap of the random ~‘‘completely disordered’’! binary alloy
must be known. Values of this fundamental material parameter appearing in the literature vary by up
to 40 meV, while the largest band gap reduction reported to date is only about 120 meV, i.e., within
a factor of 3 of the uncertainty in one endpoint. We report here a low temperature band gap of
2.01060.007 eV for material lattice matched to GaAs as deduced from a broad spectrum of samples
believed for different reasons to contain minimal ordering. The corresponding value at 295 K is
1.91060.008 eV. © 1995 American Institute of Physics.The direct gap ternary semiconductor Ga0.52In0.48P, hav-
ing a composition lattice matched to commercially available
GaAs substrates and hereafter referred to as GaInP, is impor-
tant for both technological and fundamental reasons. Many
of these reasons result from the ability of the material to
naturally order in the CuPt structure.1 Associated with the
ordering is a reduction in band gap, allowing an additional
degree of engineering freedom,2,3 as well as a reduction in
symmetry and a partial lifting of the degeneracy at the top of
the valence band. The disordered material, having the largest
band gap and therefore the shortest wavelength emission at
room temperature, is most useful for light emitters. The or-
dered and disordered modifications may be used together to
form a heterostructure having a single chemical com-
position.3 In the area of fundamental studies, it has been
calculated that the band gap4 and all lattice properties ~total
energy, band gap, etc.! scale with the square of the long
range order parameter.5 Additionally, the amount of the mea-
sured reduction in band gap is generally taken as a measure
of the degree of ordering in a sample. The largest ordering-
induced band gap reduction reported to date is about 120
meV.6 On the other hand, variations in the value reported in
the literature for the band gap of disordered GaInP vary by as
much as 40 meV.7 Clearly if band gap reduction is to be
useful as a measure of the extent of ordering in a material,
the band gap of the random binary alloy, commonly referred
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a knowledge of the band gap of ‘‘completely disordered’’
Ga0.52In0.48P is important. In the present work this parameter
has been measured and found to be 2.01060.007 eV at 5 K
and 1.91060.008 eV at 295 K.
Samples used in this work were grown by a variety of
techniques under conditions expected to produce nominally
disordered GaInP and/or were treated after growth so as to
disorder them. These techniques included liquid phase
epitaxy8,9 ~LPE!, solid source molecular beam epitaxy
~MBE!,10 as well as atmospheric11 and low pressure12–14 or-
ganometallic vapor phase epitaxy ~OMVPE!. In particular,
LPE samples were chosen because of the absence of super-
spots in TED patterns and their absence of a signal in reflec-
tance difference spectroscopy.15 Portions of the samples were
then annealed in P4 at 700 °C for 100 hours, a process known
to disorder many types of material which had been grown in
an ordered state.12 Because precise lattice matching to GaAs
substrates is a practical impossibility, the lattice constant of
each epilayer was compared to that of its substrate using the
~400! line of GaAs from a double crystal x-ray diffracto-
meter ~DCXRD!.
Although widely used, low temperature photolumines-
cence ~PL! is a relatively inaccurate technique for determin-
ing the band gap of GaInP. Errors result from the fact that the
energy difference between the free excitonic absorption and
localized excitonic emission can vary considerably even
among nominally identical samples.10,16 Hence we used low
temperature photoluminescence excitation ~PLE! spectros-3185)/3185/3/$6.00 © 1995 American Institute of Physics
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copy, which is unaffected by localization effects.10 The spe-
cific feature observed, whenever possible, was the free exci-
tonic absorption when the PL is detected on the localized
excitonic emission. Free excitonic absorption gives a clear
fingerprint directly related to the band gap. Details of the
PLE have been reported previously.10
Shown in Fig. 1 are typical PL ~solid! and PLE ~dashed!
spectra for one of the unannealed LPE-grown samples. The
PL is dominated by localized excitonic recombination, peak-
ing at 1.982 eV. The PLE was detected on the low-energy
side of the PL at 1.977 eV. The PLE shows a pronounced
peak at 1.986 eV, characteristic of free excitonic absorption.
Although the samples were grown nominally lattice-
matched to a GaAs substrate, double crystal x-ray diffraction
measurements reveal a range of mismatch of 6400 arcsec,
equivalent to 61.4% compositional variation for the samples
used in this study. The results are presented in Fig. 2. Plotted
here are values of the free-excitonic absorption energy as a
function of x-ray diffraction angle between the GaInP epi-
layer and GaAs substrate using x-rays monochromated by
the ~400! reflection of a GaAs crystal.
Stoichiometry variations among the epilayers affect the
band gap via its dependence upon chemical composition and,
if present, via strain effects. Using the criterion of People and
Bean17 we estimate the critical layer thickness for strain re-
laxation to be 15 mm for the most mismatched layer we
investigated. This is more than five times larger than the
thickness of any of the layers used in this study; hence we
assume that all the layers are fully strained. The dashed lines
in Fig. 2 are a theoretical calculation, using appropriate ma-
terial parameters, of the band gap dependence upon DCXRD
mismatch angle for fully strained GaxIn12xP. Full details of
this calculation are given in Ref. 7. ~As discussed below,
only the slopes are calculated; the absolute value is deter-
mined experimentally.! The discontinuity in the slope arises
because for In rich material ~negative Du) the heavy hole
valence band is lowest in energy whereas for Ga rich mate-
rial ~positive Du) the light hole band forms the lowest en-
ergy state. The two valence bands have different strain de-
FIG. 1. PL ~solid! and PLE ~dashed! spectra at 4.2 K from a typical as-
grown LPE sample of nominally disordered GaInP. Arrow denotes PLE
detection energy ~1.977 eV!.3186 Appl. Phys. Lett., Vol. 66, No. 23, 5 June 1995
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lattice mismatch ~upper axis in Fig. 2! instead of DCXRD
mismatch angle then their slopes are found to agree well
with those measured experimentally for tensile and compres-
sively strained GaxIn12xP by Kuo et al.18 and Asai and Oe,19
respectively.
Although the rate of band gap variation with composi-
tion can be calculated, the absolute value of the band gap
must be determined experimentally. Clearly only data taken
from samples which are totally disordered must be used if
the GaAs-lattice matched, disordered value is to be reliably
determined. As is well known, the fingerprint of ordered
GaInP is the appearance of superspots in the transmission
electron diffraction ~TED! pattern. Conversely, in principle,
the absence of ordering is characterized by the absence of
superspots in the TED pattern. Unfortunately, the physical
FIG. 2. Free-excitonic recombination energy as a function of the double
crystal x-ray diffraction angular separation between GaAs substrate and
GaInP epilayers for samples grown by a variety of techniques. All samples
are expected to be disordered.
FIG. 3. Temperature dependence of free excitonic recombination energy
~h! and photoluminescence emission peak maximum energy ~d! as a func-
tion of temperature. Dotted line is a fit to the Varshni equation.DeLong et al.
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situations ‘‘undetectably faint’’ and ‘‘absent’’ are indistin-
guishable and hence the absence of ordering cannot be quan-
tified by TED.
It has been shown that various forms of high temperature
annealing can reduce or destroy ordering in GaInP.12 ~see
additional references in Ref. 7.! We therefore make the as-
sumption that the absence of any significant change in the
band gap of a sample upon annealing provides strong evi-
dence for the absence of any ordering. This was the case for
two of the samples we investigated. Also included were PLE
data from two additional LPE-grown samples which were
not expected to be ordered ~as discussed earlier! and hence
were not P4 annealed and five MBE- and OMVPE-grown
samples which were partially ordered in growth and subse-
quently P4 annealed. Not included was the sample at the
bottom of Fig. 2 labeled ‘‘OMVPE 600 C Ann.’’ This point
may be rejected by use of standard statistical methods of
analysis20 from which one concludes it to be an ‘‘outlier’’
whose probability of being valid is less than 1023. This
analysis implies that a small degree of ordering remains in
the sample labeled ‘‘OMVPE 600 C Ann.,’’ which is consis-
tent with a more detailed study of annealing effects21 where
it was shown that the conditions used do not always com-
pletely disorder initially partially ordered GaInP.
Using the calculated compositional dependence of the
band gap, values of the GaAs-lattice matched value @i.e.,
Eg~Du50!# were calculated for the 12 statistically valid data
points in Fig. 2. Their mean, 2.001 eV, is taken as the origin
for the theoretical curve of Fig. 2 as well as the free exciton
energy of ‘‘completely disordered’’ Ga0.52In0.48P. The stan-
dard deviation of these data is 4.3 meV, this small value
providing additional support for our assumption that all the
data used are from samples which contain minimal ordering.
The total uncertainty in the value of the free-exciton energy
was estimated from this value as well as the uncertainties in
the spectrometer calibration ~0.2 meV!, experimentally mea-
sured PLE peak positions ~0.7 meV! and DCXRD-
determined compositions ~5 meV! using standard statistical
methods. The overall uncertainty is 6.6 meV. The actual band
gap is calculated by adding the exciton binding energy, pre-
viously calculated by Liedenbaum et al.22 to be 8.5 meV.
Hence we estimate the band gap of ‘‘completely disordered’’
GaInP to be 2.01060.007 eV at 4 K, in excellent agreement
with Liedenbaum’s value22 of 2.012 eV for a sample grown
by OMVPE on a ~311!B substrate and claimed to be lattice
matched to GaAs. These are also some of the largest values
ever reported, providing additional credibility to our claim
that the materials investigated are indeed ‘‘completely disor-
dered.’’ The only significantly higher value was reported by
Dawson and Duggan23 for material for which the composi-
tion was not accurately known. For comparison, our value is
16 meV higher than recently reported by Alonso et al.6 using
piezomodulated reflectivity.
PL emission and PLE absorption energies have also been
measured as functions of temperature over the range 4.2–
282 K for the unannealed LPE sample. The results are plot-
ted in Fig. 3. The PLE absorption energies have been fitted
with the Varshni equation.24 The two curves merge at about
250 K, indicating that the recombination process is band-to-Appl. Phys. Lett., Vol. 66, No. 23, 5 June 1995
Downloaded 16 Jan 2012 to 140.114.195.186. Redistribution subject to Aband and that PL has become a valid measure of band gap.
Extrapolating the fit to the Varshni equation to 295 K and
subtracting the 4 meV difference between the measured 4.2
K PLE energy and the GaAs lattice-matched value gives a
band gap of 1.910 eV, equal to that reported by ’t Hooft
et al.25 for OMVPE-grown material.
In summary, we have measured the free excitonic ab-
sorption energies in a number of samples of GaxIn12xP,
nearly lattice matched to GaAs substrates, grown under cir-
cumstances expected to minimize ordering and/or P4 an-
nealed to destroy residual ordering. At 4.2 K the free-
excitonic absorption energy of these samples, corrected to a
GaAs-lattice-matched composition, is 2.001 60.007 eV. The
corresponding band gap is 2.01060.007 eV at 4.2 K and
1.91060.008 eV at 295 K.
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